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Abstract
The Study ofCircumannular Orbital Interactions in the Imine Derivatives of 2,2,4,4-
Tetramethyl- 1 ,3-cyclobutanedione.
By Arati Naik, under the supervision ofDr. JamesWorman.
The title compounds possess unusual orbital interactions. A p-pi type interaction which
incorporates both a transannular and circumannular component and a non-bonding
circumannular interaction from the lone electron pairs on the opposite ends of the ring
x
Y = CH2, O X = N-cyclohexyl, N-phenyl
interacting via the ring carbon p-orbitals ofproper symmetry. Variable temperature NMR
was employed to examine the effect of the non-bonding interaction of inversion through
nitrogen on the imine chromophore. A plot of In k vs 1/T allowed for the determination
ofEa from the slope and the free energy of activation AG was calculated from the
coalescence temperature. The magnitude of long range circumannular interaction is
evaluated and used in order to explain the energy differences for nitrogen inversion in the
title compounds.
Introduction
The chemistry of compounds containing azomethine group (1) has been previously
studied. Specifically, research work has been done and documented, which investigate
the preparation and properties of 2,2,4,4-tetramethyl-l,3- cyclobutanedione system (I)








These systems exhibit certain orbital interactions; mainly transannular (across the ring)
and circumannular (around the ring) interactions.
'
A more detailed description of these






The current research work is directed towards the synthesis of the monophenylimine (II)
of the dione (I), its Wittig product (III), the monocyclohexylimine derivative of the
2,2,4,4-tetramethylcyclobutanone (VI) and its 3-methylene derivative (V). Variable
temperature NMR studies on the title compounds allow one to evaluate and compare long
range circumannular interactions by calculating the free energy of activation (AG*).
The purpose of this work was to synthesize and study the rate of nitrogen inversion in
various imine derivatives of the cyclobutane ring system, in an attempt to answer the
question: To what extent do the ring interactions effect the energy of inversion through
the nitrogen atom in the imine chromophore? Variable temperature NMR studies showed
that as the temperature is increased the group attached to the nitrogen starts inverting and
at a specific temperature allows the fourmethyl groups to appear equivalent in the
cyclobutane ring systems. This is seen as a coalescence of the two methyl peaks in the
NMR spectra. The data from these experiments are evaluated and compared for the
various imines.
The purpose of synthesizing the cyclohexylimine derivative (V) of 3-methylene-2,2,4,4-
tetramethylcyclobutanone (IV) was to prepare a compound which does not have lone pair
electrons across the ring from the imine chromophore. The desired product should show
no circumannular interaction and thus require less free energy of activation for nitrogen
inversion when compared to the monoimine of cyclobutanone.
Historical
Orbital Interactions:
Imine derivatives of the dione (I) are ofparticular interest in order to understand the
magnitude of orbital interactions and how these interactions in turn effect the physical
and chemical properties of the system. These interactions are of two types: transannular
and circumannular.
'
Transannular interaction is interaction across the ring and involves the
p- orbitals of the
1,3 carbon atoms and the p-pi orbitals of the attached heteroatom. Circumannular
interaction is interaction around the ring and involves the non-bonding orbitals on the
heteroatom attached to the 1,3 positions on the ring, along with the
p- orbitals of the ring
carbons as well. See Figure 1 below.
Figure 1 . Transannular and Circumannular Interaction
Transannular Interaction Circumannular Interaction
These interactions have been previously studied and proven using various kinds of
spectroscopies: Photoelectron Spectroscopy, UltravioletAbsorption Spectroscopy and
NuclearMagnetic Resonance Spectroscopy as well as verification via molecular orbital
calculations.
'
Orbital picturization for non-bonding orbital interactions giving symmetric and
non-
symmetric hybrid combinations are shown in Figure 2. The size of the orbital represents
the contribution to the overall MO. Results were obtained from Gaussian calculations
done by earlier
workers.3,19
Figure 2. Symmetric and Anti-symmetric Non-bonding Interaction
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Here the substituent attached to the nitrogen passes through a planar transition state by
shifting from a
sp2
hybrid orbital to an sp type and returning to sp2. There is also a
rotational component, but its contribution is minimal.
Synthesis:
Imines have been prepared by established procedures over the
years.9
A common method
is its preparation from an aldehyde or ketone as shown below:
O
R'NH2 + r_c_r -
H+
N
R C -R H20
where
R= H, aliphatic or aromatic and R'= aliphatic or aromatic.
The first monoimine of 2,2,4,4-tetramethyl-l,3-cyclobutanedione was reported by
.10








Later, Hasek, Elam and
Martin1 1
reported the formation of the monoimine where R=






, then, prepared and characterized the monoimine
with
R= cyclohexyl.
In this thesis the following steps for synthesis were proposed to get to the target
compound (V).
Scheme I, showing the main synthetic reactions and the attempted ones, is given below.
10
Scheme I: Main Reactions
Aniline
p-tsa


































Chadwick and his followers used Photoelectron Spectroscopy to determine the
ionization potentials for electrons in various orbitals in acyclic and cyclic ketones. It was
also shown that Photoelectron Spectroscopy could be used as ameasure of the extent of
non-bonding electron orbital interaction in the cyclobutane dione ring
systems.14
The
photoelectron spectrum of the dione (I) shows two distinct non-bonding electron
ionization potentials at 8.80 and 9.53 eV respectively, an observed difference of 0.73
eV.
"
Bisimines of (I) also show two distinct non-bonding ionization potentials at 8.33
and 8.64 eV, respectively. Specifically, for the cyclohexylbisimine the difference was
found to be 0.31
eV.3
M. D. Rozeboom reported that the difference in ionization
potentials for the cyclohexylmonoimine as 0.6
eV.3








NMR studies on the aliphatic and aromatic monoimines of 2,2,4,4-tetramethyl-l,3-




at the Department of
Chemistry at South Dakota State University.
Data obtained shows that the protons of the methyl groups of dione (I) exhibit a single
sharp resonance at 81.29 at a probe temperature of 25 C in deuterated chloroform. Under
the same conditions the methyl groups of the monoimine derivative exhibited two sharp
resonances at two different field positions at the same temperature.
A variable temperatureNMR (VT NMR) study of the 2,2,4,4-tetramethyl-3-cyclohexyl
bisiminecyclobutane was performed by
Schmidt2
and the coalescence temperature was
found to be 165C.
Rozeboom3
undertook a VTNMR study of the cyclohexylmonoimine
to compare the relative ease of inversion through the nitrogen atom with the bisimine
compound. Due to instrumental restraints the temperature could not be taken above
200 C. The temperature of coalescence (Tc) was determined by extrapolating from the
observed data and Tc was established to be 230 C. Mitchell4, also, did VT NMR studies
on the cyclohexylmonoimine on a Varian 300 MHz spectrometer, but could not achieve
temperature of coalescence due to temperature restraints.
Calculations:
AG*
and Ea calculations were done using the method described in
Isaac's.16
The
equations used were as follows.
13
The value of the rate constant (k) of isomerization can be calculated from the following
formula:
k = 2tt.A N2
where, A is the separation of the NMR
signals of the methyl groups in Hz.




Ea= Arrhenius activation energy
A = collision factor constant
(Ea /R)
=
slope of the line.
Arrhenius Equation:
Plot Ink vs. 1/T:
Ea = (slope)
* (1 .978 cal
Kl
mole1)
AG* = 2.3RT0 (10.32 + log T^k)
where,
AG* is the free energy,
R is the universal gas constant,
Tc is the temperature of coalescence,
k is the rate of inversion at slow exchange.
As of this writing there has been no published data which attempts to correlate nitrogen




The following experimental work was done in the Department of Chemistry at the
Rochester Institute of Technology, Rochester, NY under the supervision of Dr. James
Worman.
Infrared spectra were obtained on Perkin-Elmer model 1760X FT-IR laser spectrometer.
Samples were made neat or as nujol mulls.
All nuclear magnetic resonance data were obtained on a 7 Tesla Bruker DRX-300 300
MHz spectrometer at the probe temperature of 20 C. High temperature NMR studies on
2,2,4,4-tetramethyl-3-phenyliminocyclobutanone (II), 2,2,4,4-tetramethyl-3-methylene-
phenylimino- cyclobutane (III) and 2,2,4,4-tetramethyl-3-methylene-cyclohexylimino
cyclobutane (V) were done at various temperatures ranging from 20 -190 C on the
same Bruker 300 MHz spectrometer. Deuterated dimethylsulfoxide (DMSO) was used as
the solvent for all samples. Chemical shifts are reported as (5) values in ppm, relative to
tetramethylsilane (TMS).
Melting points were measured inC using pyrex capillary tubes on aMEL-TEMP
laboratory device.




Modification of a procedure described by Melvin D.
Rozeboom.3
In a 500 ml, 3-neck, round bottom flask fitted with a Dean-Stark trap and condenser were
placed 2,2,4,4-tetramethyl-l,3-cyclobutanedione, 20.00 g (0.143 mole); aniline, 13.28 g
(0.143 mole); p-toluenesulfonic acid monohydrate, 0.5 g (2.63 X 10"3mole); toluene, 150
ml and two boiling chips. The deep orangish-brownmixture was allowed to reflux for
about 24 hours at 110 C. About 2.0 ml out of the theoretical 2.5 ml water was collected
in the Dean-Stark trap after this period of time. Crystals had formed in the reaction flask,
which were collected on cooling by vacuum filtration. These crystals were mostly high
melting amides formed as by-products of the reaction due to ring opening of the
cyclobutane system. The dark brown filtrate was concentrated by rotovaping off excess
toluene. On cooling a second batch of open chain amides and bisimine crystals were
collected. This filtrate was then vacuum distilled at 1-2 mm. The toluene distilled out at
20-30 C. At temperatures between 30-80 C, left over dione collected as crystals along
the distillation head and condenser. Distillation was stopped to clean out the dione
formed in the system. Further distillation gave the monoimine between 120-180 C. The
monoimine product was collected as a yellow oil which crystallized partially on standing
to give 10.0 g ofproduct, 33% yield. The structure of the monoimine compound was
confirmed by IR and NMR.
The infrared spectrum showed absorption bands at 3080, 2967, 1808 and 1697
cm"1
.
NMR spectrum showed peaks at ~5 7.0 (m, 5H, phenyl), 81.35 (s, 6H, methyl) and 81.07
(s, 6H, methyl).
16
Variable temperature NMR spectra were obtained for this compound under conditions
mentioned earlier at the beginning of this section. Spectra were taken at 10 C intervals
from 20-100 C. Temperature of coalescence (Tc) was found to be 100 C in d6-DMSO..
Preparation of 2,2,4,4-Tetramethyl-3-methylene-phenyliminocyclobutane (HI)




neck, round bottom flask equipped with amagnetic stirrer, reflux condenser
and N2 inlet was charged with potassium tertiary butoxide, 2.4 g (0.0214 mole) and
anhydrous ether, 100 ml. After the potassium tertiary butoxide dissolved,
methyltriphosphonium iodide, 8.4 g (0.0202 mole) was added in one portion and the
mixture was stirred at room temperature for an hour before 2,2,4,4-tetramethyl-3-
phenyliminocyclobutanone, 4 g (0.0186 mole) was added. The canary yellow mixture
was stirred overnight for 18 hours. The reactionmixture was then filtered to remove
triphenylphosphine oxide, which formed as a by-product, along with other inorganic
side-
products that may have formed during the reaction. After filtration the solution was
extracted with water (3 X 50 ml). The aqueous layer was extracted with ether (3X50
ml). The ether solution was dried over anhydrous magnesium sulfate, filtered and
concentrated by rotary evaporation. Crude
2,2,4,4-tetramethyl-3-methylene-
phenyliminocyclobutane (III) was obtained as a yellow oily mass. This was taken up in
150 ml ofpetroleum ether, b.p.
= 45-65 C, and cooled in ice water for about halfhour.
Triphenylphosphine oxide, which precipitated out, was filtered and the filtrate was
extracted with 80% methanol: water (2 X 100 ml). This solution was back extracted with
petroleum ether (3 X 50 ml) and the combined petroleum ether layers were washed with
saturated sodium chloride solution (100 ml), dried over anhydrous magnesium sulfate and
17
filtered. Evaporation of the petroleum ether yielded product, 2.6 g, 65% yield. IR and
NMR confirmed structure to be that of the desired product (III).
The infrared spectrum gave bands at 3065, 2962, 1728 and 1661 cm"1. The proton NMR
spectrum had peaks at 87.0 (m, 5H, phenyl), 85.05 (s, 1H, methylene), 84.96 (s, 1H,
methylene), 81.32 (s, 6H, methyl) and 51.05 (s, 6H, methyl).
Variable temperatureNMR studies were performed on this compound and readings were
taken at 10 C intervals between the range of20-100 C. Tc for this compound was
measured as 90 C.
Preparation of 2,2,4,4-Tetramethyl-3-methylenecyclobutanone (IV)
Modification of a procedure by E.
Lee-Ruff.18
The imine of 3-methylene-2,2,4,4-tetramethyl-cyclobutanone, 13.72 g, was stirred and
refluxed in 60% acetic acid, 100 ml, for 2 hours. The reaction mixture turned a dark wine
color during this period. After cooling the mixture to room temperature, it was
neutralized with solid sodium bicarbonate. The aqueous solution was extracted with ether
(3 X 50 ml) and the combined ether fractions were washed successively with 10%
aqueous hydrochloric acid, 50 ml; saturated aqueous sodium bicarbonate, 60 ml; and
saturated aqueous sodium chloride, 50 ml. The solution was dried over anhydrous
magnesium sulfate, gravity filtered and concentrated at atmospheric pressure by allowing
the solvent to evaporate under the hood. Purification was effected by sublimation at
atmospheric pressure. Spectral data, IR and NMR, confirmed the structure of the obtained
product as that of 2,2,4,4-tetramethyl-3-methylenecyclobutanone (III). The white
crystalline compound was obtained in 41% yield, 3.7g.
IR spectrum gave absorption bands at 2930, 1726 and 1656 cm-1. Peaks on the NMR
spectrum were observed at 55.10 (s, 2H, methylene) and 81.28 (s, 12H, methyl).
Preparation of 2,2,4,4-Tetramethyl-3-methylene-cyclohexyliminocyclobutane (V)
'
Modification of a procedure byMelvin D. Rozeboom.
In a 500 ml, 3-neck, round bottom flask fitted with a Dean-Stark trap and condenser were
placed 2,2,4,4-tetramethyl-3-methylenecyclobutanone, 3.68 g (0.0267 mole);
cyclohexylamine, 3.17 g (0.0320 mole); p-toluenesulfonic acid monohydrate, 0.37 g
(1 .92 X
10"3
mole); toluene, 40 ml and two boiling chips. The mixture was allowed to
reflux for about 30 hours at 1 10 C. 0.4 ml ofwater, out of the theoretical 0.5 ml, was
collected in the Dean-Stark trap during this time. After filtration the solution was
concentrated by rotary evaporation of excess toluene. Cooling affored crystals, 1 .2g,
20.5% yield, structure ofwhich was confirmed as that of the desired product (V) by IR
and NMR.
Infrared spectrum showed bands at 3288, 3088, 2929, 1668 and 1639cm"1. NMR
spectrum of the compound gave peaks at 87 (m, 1 1H, cyclohexyl), 84.81 (s, 1H,
methylene), 84.77 (s, 1H, methylene), 81.14 (s,6H, methyl) and 50.98 (s, 6H, methyl).
VTNMR work showed compound (V) to have a Tc of 180 C. Spectrawere taken at




Modification ofa procedure byMelvin D.
Rozeboom.3
In a 250 ml, 3-neck, round bottom flask fittedwith a Dean-Stark trap and condenser were
placed 2,2,4,4-tetramethyl-l,3-cyclobutanedione (I), 2 g (0.0143 mole); cylohexylamine,
1.67 g (0.0169 mole); p-toluenesulfonic acidmonohydrate, 0.16 g (8.6 X
10"3
mole),
toluene, 100 ml and two boiling chips. The mixture was refluxed overnight for about 24
hours at 100C during which 0.2 ml ofwater was collected in the Dean-Stark trap. The
solution was concentrated by rotary evaporation of toluene. On cooling crystals were
formed which were collected by vacuum filtration. These crystals were found to be high
melting (180 C) compounds, mostly the cyclohexylbisimine and open chain amides side
products. The third crystallization gave crystals which melted at 50-56 C. The IR and
NMR spectra showed them to be the cyclohexyl monoimine compound. Purificationwas
obtained by vacuum sublimation. Product obtained, 1.7g, 54% yield, had amelting point
range of 65-68 C. Structure was confirmed by IR andNMR.
Infrared spectrum gave bands at 2925, 1803 and 1697 cm"1. NMR showed peaks at 83.33
(m, 11H, cyclohexyl), 81.32 (s, 6H, methyl) and 81.18 (s, 6H, methyl).
Attempted synthesis of 3-Methylene-2,2,4,4-tetramethyl-l-cyclohexyliminocyclobutane
(V) from 2,2,4,4-Teframemyl-3-cylcohexyliminocyclobutanone (VI)
i o
Modification of a procedure by E. Lee-Ruff.
Potassium tertiary butoxide , 0.58 g (0.0052 mole) was dissolved during stirring in
anhydrous ether, 75 ml in a 250 ml, 3-neck, round bottom flask equipped with amagnetic
stirrer, reflux condenser and N2 inlet. Methyltriphenylphosphonium iodide, 2.04 g
20
(0.0053 mole), was added to this solution and the mixture stirred for an hour before the
2,2,4,4-tetramethyl-3-cylcohexyliminocyclobutanone (VI), 1 g (0.045 mole) was added.
The canary yellowmixture was stirred at room temperature for 18 hours. The reaction
mixture was filtered, the filtrate washed with water (2 X 25 ml). The aqueous layer was
extracted with ether (3X50 ml). The ether fractions were combined, dried over
magnesium sulfate, filtered and concentrated to give an oil. IR (bands at 1803 and 1697
show presence of starting material) andNMR spectra do not compare with the ones
expected for the desired product (V). A GC/MS showed peak at 221 which is the
molecular weight of the starting compound (VI).
Although this procedure was tried several times, by varying the proportions of reagents
used and time of reaction, it was not successful in synthesizing the compound (V).
Attempted synthesis of 3-Methylene-2,2,4,4-tetramethylcyclobutanone (IV) from 2,2,4,4-
Tetramethyl- 1 ,3 -cyclobutanedione (I)
Modification of a procedure by E. Lee-Ruff.
In a 250 ml, 3-neck, round bottom flask equipped with amagnetic stirrer, reflux
condenser and N2 flow system were placed potassium tertiary butoxide, 0.8 g (0.0071
mole), t-Butanol, 10 ml and anhydrous ether, 30 ml. After the KO-t-Bu dissolved,
methyltriphenylphosphonium iodide, 3 g (0.0074 mole) was added to the solution and the
mixture was allowed to stir at room temperature for an hour before 2,2,4,4-tetramethyl-
1,3 -cyclobutanedione, 1 g (0.0071 mole) was added. The mixture turned a canary yellow
color and was stirred overnight for about 18 hours. The reaction solution was washed
21
with water, 40 ml. The aqueous layer was extracted with ether (3 X 50 ml), dried over
magnesium sulfate, filtered and concentrated. IR and NMR spectra showed no product.
This attempt at making the Wittig product of the dione (I) was not successful. The C=0
in the cyclobutanedione ring does not behave like a normal carbonyl. This might be due
to the interaction between the two carbonyl groups across/around the ring system.
22
Results and Discussion
General synthetic scheme for experimental work.
The monoimines (II) and (VI) were prepared by reacting
2,2,4,4-tetramethyl-l,3-









(II): R = phenyl





















imino open chain amide
23
Previous studies showed that strong basic amines gave open chain amides as a result of
ring opening
reactions.2'3
Hence, weakly basic amines, such as aniline and
cyclohexylamine, with pKb near 9 were used for the formation of the imines. When the
amine is used approximately in a 1 : 1 ratio with the diketone (I), monoimine is the major
product with the formation of some bisimine and open chain amides as the by-products.
With excess amine, i.e. greater than 2:1 ratio of amine to diketone, bisimine and the open
chain amide products predominate. The product distribution in these reactions is
determined by basicity and/or steric factors in the reaction mechanism.






























This mechanism for the preparation of imines of cyclobutanone has been studied in detail
by Sayer and
Jencks.21
Since all these steps are reversible, synthesis is carried out by refluxing using a
Dean-
Stark trap. The water produced from the condensation reaction is removed and the
reaction takes place in favor of formation of the imine product.
The synthesis of the methylene derivatives was approached using the Wittig reaction.
This method worked for the synthesis of 2,2,4,4-tetramethyl-3-methylene-
phenyliminocyclobutane (III) from 2,2,4,4-tetramethyl-3-phenyliminocyclobutanone (II).
TheWittig reaction was not successful when carried out on 2,2,4,4-tetramethyl-3-
cyclohexyliminocyclobutanone (VI) and 2,2,4,4-tetramethyl-l,3-cyclobutanedione (I).
For some reason the C=0 in the cyclohexyliminocyclobutanone and cyclobutanedione
systems does not behave like a normal carbonyl group. This might be due to the larger
orbital interactions across and/or around the ring system in (VI) and (I) as compared to
the interactions that occur in (II). Resonance
stabilization,19
shown in Figure 3, which
occurs in (II), decreases the lone pair interaction capability. Resonance stabilization of
this nature is not possible in (VI) and (I).
Figure 3. Resonance Stabilization ofPhenyliminocyclobutanone
25






























The work-up for the reaction involved a series of extractions for purposes of removing
the triphenylphosphine oxide and other inorganic side products formed during the
reaction. The reaction mixture was first extracted with ether, dried and concentrated. The
oil obtained was taken up in petroleum ether. The desired 3 -methylene product dissolves
in the petroleum ether, and the triphenylphosphine oxide precipitates out of solution
when cooled. Any remaining triphenylphosphine oxide is removed by washing the
petroleum ether fraction with 80% methanol:water solution. These consecutive
extractions yielded pure product which could be used for VT NMR studies.
26
Infrared Data:
It was noted that the C=0 stretch of the phenylmonoimine is at 1808 cm"1. This can be
explained as a result of ring strain which changes the hybridization of the carbon causing
the carbonyl stretching frequency to shift to a higher
energy.22
In addition, orbital
interactions will affect the stretching frequencies. This same shift is noticed for the C=N
stretch frequency which normally occurs at 1650 cm"1. For our compounds this
absorption is in the range of 1668-1728 cm"1.
NMR Data:
All NMR spectra were taken on a Bruker 300MHz spectrometer using
DMSO-d6
as
solvent. All variable temperature studies were done twice. Each results was found to be
reproducible.
A table listing IR andNMR data for the various compounds is given below in Table 1 .
27




NMR values in ppm
K*'
Diketone (I) 1752 C=0 stretch one singlet
1715 C=0 stretch 81.3
Phenylimine (II) 1808 C=0 stretch two singlets
1697 C=N stretch 81.35
81.07
3-Methylenephenylimine(III) 1728 C=N stretch two singlets
1661 C=C stretch 81.32
81.06
3-Methylenecyclobutanone (IV) 1726 C=0 stretch one singlet
1656 C=C stretch 81.28
Cyclohexylimine (VT) 1805 C=0 stretch two singlets
1698 C=N stretch 81.32
81.17
3-Methylenecyclohexylimine (V) 1668 C=N stretch two singlets
1639 C=C stretch 81.14
80.98
*See Appendix for representative IR andNMR spectra.
As mentioned earlier, VTNMR studies were done on the phenylmonoimine (II), 3-
methylene phenylimine (III) and 3 -methylene cyclohexylimine (V). Tc was found to be
100 C for the phenylmonoimine (II), 90C for the 3-methylene phenylimine (III) and






on the cyclohexylmonoimmine (VI) showed
that temperature of coalescence cannot be achieved on this compound due to temperature
restraints on the Varian 60 MHz NMR spectrometer. Extrapolation of the converging
methyl peaks in the NMR spectrum gave a Tc of 230 C.
VTNMR on the monocyclohexylimine was repeated in this research work and brought
up to date on the Bruker 300 MHz NMR spectrometer. The highest temperature that
could be reached using
DMSO-d6
as the solvent was 190 C. At this temperature the two
methyl peaks almost coalescence. An extrapolation of the peaks in a plot of temperature
vs A8 gave a the temperature of coalescence Tc. When all temperatures were considered,
a Tc of 258 C was obtained. Plot of only the last six temperatures, 120-190 C, vs A8
gave a Tc of 213 C. See Figure 8 onpg. 36.
VTNMR peak frequencies for compounds (II), (III), (V) and (VI) are given in the
following Tables 2, 3, 4 and 5.
By graphing In k vs 1/T using the method described
in the book written by Isaac's16, the
Arrhenius activation energy, Ea, around the C=N bond in the various systems (II), (III),
(V) and (VI) was calculated. These plots
for the above mentioned compounds are shown
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Ea values calculated for (II), (III), (V) and (VI) are tabulated below in Table 6 on pg. 39.
The free energy of activation, AG*, for compounds (II), (III), (V) and (VI) was also
calculated using the following
formula:16
AG* = 2.3RTC (10.32 + log Tc/k)
where,
AG* is the free energy,
R is the universal gas constant,
Tc is the temperature of coalescence,
k is the rate of inversion at slow exchange.
AG*
values for the imine derivatives are listed in Table 6 on pg. 39 also.
It is important to note that the activation energy value, calculated over a narrow
temperature range, is only an experimental value. It does not separate out the entropy, AS,
of the system. Since entropy of the cyclohexylimine derivatives is different than that of
the phenylimine derivatives, the Ea for these two systems cannot be compared. However,
the Ea value for the cyclohexylimine (VI) and its 3 -methylene derivative (V) can be
compared. As expected, the activation energy required for nitrogen inversion in (VI) is
more than that required in (V) due to lone pair orbital interaction. In the same manner, Ea
value for the phenylimine (II) and its 3 -methylene derivative (III) can be compared.
Again, the activation energy required for the nitrogen inversion is more for compound
(II) than for (III) due to similar interaction as described for compound (VI). See Figure 9
below.
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On the other hand, the free energy of activation, AG*, for all the systems can be
compared because it separates out the entropy term.
AG* is a more accurate parameter to
determine ease ofnitrogen inversion in the various imine derivatives of the
cyclobutanone system.
39
Table 6: Arrhenius Activation Energy, Ea and Free Activation Energy, AG*, Values for





1.175 26.13 + 0.14
(V)







values decrease from (VI) to (V) to (II) to (III). The fact that the phenyl imine
derivatives, (II) and (III), need less energy for the nitrogen inversion can be explained by
resonance stabilization. The structures are pictured in Figure 10-a and could account for
19
the more fascile inversion of the R group through the nitrogen. There is also a rotational
40
component to nitrogen inversion in the aromatic imines and a resonance structure shown
in Figure 10-b may allow for a greater ease of inversion via rotation.





The cyclohexylimine derivatives have only a translational motion involved in the
inversion of the nitrogen group and no stabilization via resonance. This explains the
higher
AG*
value for compounds (VI) and (V).
AG*
value for the phenylimine cyclobutanone (II) is more than for its 3 -methylene
derivative (III). This is due to the fact that there is no orbital interaction around the ring
system in (III) because the methylene group does not have any lone electron pairs.
However, this difference is not significant within experimental error. This can be
explained as a result of the magnitude of the resonance stabilization effects being
significantly greater than the magnitude of the orbital interaction in the ring. It is,
41
however, necessary to note that the temperature of coalescence (Tc) was definitely lower
(90 C) for the 3 -methylene phenylimine derivative (III) than for the phenylimine
derivative (II) even though the AG* values calculated were very close. Also, the methyl
peaks in the VT NMR spectra broadened at the base and moved together faster for (III)
than for (II). This shows that inversion takes place easier for the 3 -methylene derivative.
The resonance stabilization effect mentioned above does not exist in the cyclohexylimine
derivatives. Therefore, a clear decrease in the
AG*
value is seen from the 3 -methylene
cyclohexylimine compound (V) to the cyclohexylimine compound (VI), again, due to
absence of lone pair electrons in the methylene group. AG* for compound (V) was
calculated to be 22.17 kcal/mole. For compound (VI), an experimental Tc could not be
reached due to temperature restraints. The maximum temperature attained was 190 C.
Depending on the extrapolation from a plot of temperature vs difference of the methyl
signals in ppm, extrapolated coalescence temperatures ranged from 213
- 253 C which
gave
AG* in the range of 23.83 26.13 kcal/mole. There can be no doubt, however, that
(V) coalescences at a lower temperature and, therefore, requires less energy for nitrogen
inversion, as expected for a system with no lone pair interactions across the ring.
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Conclusions
2,2,4,4-tetramethyl-3-phenyliminocyclobutanone (II) and its Wittig derivative
2,2,4,4-
tetramethyl-3-methylene-phenyliminocyclobutane (III) were prepared with some
modifications to previously established procedures. Similarly, 2,2,4,4-tetramethyl-3-
cyclohexyliminocyclobutanone (VI) was synthesized according to a known protocol. The
Wittig derivative of this imine (VI), 2,2,4,4-tetramethyl-3-methylene-
cyclohexyliminocyclobutane (V), was prepared and isolated for the first time.
The nuclear magnetic resonance spectra of the monoimine (II) , its 3 -methylene
derivative (III) and the 3 -methylene derivative (V) of the monoimine (VI) were studied at
various temperatures from room temperature to 180 C on the Bruker 300 MHz
spectrometer. VTNMR studies were repeated for monoimine (VI). The spectra of this
compound was not consistent with previously recorded data.
AG* for the
cyclohexylmonoimine (VI) was found, in this work, to be 23.83 kcal/mole, whereas
previous work reported a value of29.8 kcal/mole.
AG*
values for compounds (V), (II) and (III) were reported to be 22.17, 17.71 and 17.36
kcal/mole respectively. This data indicates that orbital interaction decreases from
compound (VI) to (V) to (II) to (III). See Figure 11.
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The inversion through nitrogen in (VI) and (V) clearly shows that the bonding effect of
the non-bonding interaction lowers the energy of the system and , thus, increases the
AG*
for inversion.
For (II) and (III) the
AG* for inversion is significantly lower than that for (VI) and (V).
This could be explained by resonance stabilization as described in the discussion section.
Thus, using VT NMR studies, the ease ofnitrogen inversion in the various imine
derivatives of 2,2,4,4-tetramethyl-l,3-cyclobutanedione was established and compared.
The AG* values help evaluate the magnitude of interaction in the various systems.
Interaction is greater in the cyclohexylimine derivatives than in the phenylimine
derivatives. Also, in general, interaction is more for the monoiminecyclobutanone
systems than for the 3 -methylene monoiminecyclobutane systems.
As a final statement, orbital interaction in the title compounds though small does affect
the Ea and the
AG* for nitrogen inversion.
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Spectrum 7. *HNMR Spectrum of 2,2,4,4-Tetramethyl-3-phenylimino
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Spectrum 8. LHNMR Spectrum of2,2,4,4-Tetramethyl-3-phenylimino
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Spectrum 1 1. 'H NMR Spectrum of 2,2,4,4-Tetramethyl-3-phenylimino











Spectrum 12. *HNMR Spectrum of 2,2,4,4-Tetramethyl-3-phenylimino
cyclobutanone at 70 C.
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Spectrum 13. 'H NMR Spectrum of 2,2,4,4-Tetramethyl-3-phenylimino














Spectrum 14. *HNMR Spectrum of 2,2,4,4-Tetramethyl-3-phenylimino
cyclobutanone at 90 C.
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Spectrum 15. 'H NMR Spectrum of 2,2,4,4-Tetramethyl-3-phenylimino













Spectrum 16. H NMR Spectrum of 2,2,4,4-Tetramethyl-3-methylene-










10 MM |M MTMOtM^
U JO OS ea
Mf i sea sm
'I OO 28 Hi
n 240. IS HI
B6
Spectrum 17. *H NMR Spectrum of 2,2,4,4-Tetramethyl-3-methylene-



















Spectrum 18. LH NMR Spectrum of2,2,4,4-Tetramethyl-3-methylene-
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Spectrum 19. 'HNMR Spectrum of 2,2,4,4-Tetramethyl-3-methylene-






























Spectrum 20. *HNMR Spectrum of2,2,4,4-Tetramethyl-3-methylene-
phenyliminocyclobutane at 90 C.






Spectrum 21. lH NMR Spectrum of 2,2,4,4-Tetramethyl-3-
methylenecyclobutanone at 20 C.
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Spectrum 22. *HNMR Spectrum of 2,2,4,4-Tetramethyl-3-methylene-
cyclohexyliminocyclobutane at 20 C.
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Spectrum 23. 'HNMR Spectrum of 2,2,4,4-Tetramethyl-3-methylene-
cyclohexyliminocyclobutane at 40 C.



















SMK 617! 839 Hi
noes 0 188310 HI
u 2 G&42SM l*c
BB 181 3
OH 61 OOO UMC
OE 8 00 u*M
rc Mil
01 i ooaooooa mc
pi 9.00 UMC
OE 8 OS UMC
SFOl 330 1118*34 Ml
XI IH
*Ll -b 00 as







Spectrum 24. *HNMR Spectrum of2,2,4,4-Tetramethyl-3-methylene-
cyclohexyliminocyclobutane at 80 C.
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Spectrum 25. *HNMR Spectrum of 2,2,4,4-Tetramethyl-3-methylene-






















Spectrum 26. *HNMR Spectrum of2,2,4,4-Tetramethyl-3-methylene-
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Spectrum 27. lHNMR Spectrum of 2,2,4,4-Tetramethyl-3-methylene-cyclohexylimino
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Spectrum 28. 'HNMR Spectrum of 2,2,4,4-Tetramethyl-3-methylene-cyclohexylimino
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Spectrum 29. 'HNMR Spectrum of 2,2,4,4-Tetramethyl-3-
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Spectrum 31. 'HNMR Spectrum of 2,2,4,4-Tetramethyl-3-
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Spectrum 32. 'HNMR Spectrum of
2,2,4,4-Tetramethyl-3-
cyclohexyliminocyclobutanone at 160 C.
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Spectrum 33. *H NMR Spectrum of 2,2,4,4-Tetramethyl-3-
















Spectrum 34. *HNMR Spectrum of 2,2,4,4-Tetramethyl-3-






























































ID NMR plot parameters
CX 20.00 cm
F1P 1.600 ppm
Fl 480.21 Hz
F2P 0.900 ppm
F2 270.12 Hz
PPMCM 0.03500 ppm/cm
HZCM 10.50455 Hz/cm
